The mechanism of hologram formation in fixation-free rehalogenating bleaching processes have been treated by different authors. The experiments carried out on Agfa 8E75 HD plates led to the conclusion that material transfer from the exposed to the unexposed zones is the main mechanism under the process. We present a simple model that explains the mechanism of hologram formation inside the emulsion. Also quantitative data obtained using both Agfa 8E75 HD and Slavich PFG-01 fine-grained red-sensitive emulsions are given and good agreement between theory and experiments are found.
Introduction
Nowadays, holography is increasingly important in different fields of optical technology, and many types of holograms are being used for scientific and technical applications. 1 For example, holograms are among the most important components for the same optical systems and the physical principles of holography are being applied in fields of great importance, such as optical data storage 2 or holographic optical elements. Volume phase holograms are attractive for use as optical elements or in holographic storage owing to their high-potential efficiency and high information densities. Silver halide emulsions are commonly used for recording holograms, mainly in display holography, numerous scientific applications, and in the fabrication of holographic optical elements. 3, 4 This is due to their high sensitivity and ease of processing, the availability of improved processing chemistries, and commercial films. Holograms recorded on silver halide emulsions are commonly bleached to improve their diffraction efficiency. Bleaching is a common method used to obtain phase holograms of high quality in photographic emulsions. 5 However, conventional bleaching techniques in which the hologram is bleached after the development and fixation steps have some disadvantages. These are, for instance, the production of high levels of scattering and the significant reduction in the thickness of the emulsion layer. Because of these reasons, processing techniques in which holograms are bleached directly after development, without a fixation step, are more adequate. In particular reversal 6, 7 and fixation-free rehalogenating 8 -12 methods have been used during the past decades, mainly with Agfa plates. With fixation-free techniques significant changes in the average refractive index of the emulsion do not occur, 13 and changes in the thickness of the emulsion layer are minimized. 9 -14 The mechanism of hologram formation in fixation-free rehalogenating bleached holograms have been studied by Hariharan. 14 It is assumed that diffusion of material from the exposed to the unexposed zones occurs during the bleach bath. The metallic silver grains are converted back into silver halide grains during the bleach bath by means of an oxidation process. After this oxidation process, some silver ions go into solution. Some of them are deposited in situ in the exposed zones, whereas some of them diffuse away to the unexposed zones. The refractive-index modulation is established between the exposed and nonexposed zones by the differences in size of the silver halide grains. This diffusion mechanism has been demonstrated, [13] [14] [15] but a detailed theory explaining how this mechanism occurs has not been treated yet to our knowledge. Dealing with conventional bleached holograms, Van Renesse et al. 16, 17 presented a model that predicted how the refractive-index mod-ulation varies with the optical density inside the photographic emulsion. Following a similar treatment we will demonstrate that the refractive-index modulation is proportional to the optical density, and we can also derive a theoretical expression that relates the diffraction efficiency with the variations of the optical density of the hologram for fixation-free rehalogenating bleached holograms.
Experimental Procedure
Unslanted holographic transmission gratings were recorded by use of two collimated beams from a 15 mW He-Ne laser ͑633 nm͒, with the polarization vector prependicular to the plane of incidence. The two beams, of equal intensity, impinged on the emulsion forming an angle ͑in air͒ of 45°. With the geometry described, the spatial frequency of the gratings was calculated as 1200 lines͞mm. The experiments were carried out on Agfa 8E75 HD and PFG-01 Slavich plates. After exposure, the plates underwent the scheduled procedure illustrated in Table 1 , so that rehalogenating bleached transmission holograms were finally obtained. The bleach-bath solution is composed of two different solutions: A and B. 18, 19 The oxidizer is contained in the solution A, whereas the potassium bromide is contained in the solution B. To obtain the bleach solution 1 part of A is mixed with 10 parts of distilled water and X parts of B. The ratio X ϭ B͞A indicates the relation between the potassium bromide concentration and the oxidizer concentration ͑potassium dichromate͒. The concentration of potassium bromide in the bleach bath determines the rate of the diffusion process. 14 All processes described, development, washing, and bleaching were carried out at 20°C.
Absorption holograms were also recorded by use of the geometry described. After exposure the plates were developed for 5 min at 20°C with D-19 developer. They were then washed in running water for 1 min and fixed with nonhardening F-24 fixer for 5 min at 20°C. Next, the plates were washed in running water for 10 min and dried in a dissecator at low humidity ͑Ͻ 18% relative humidity͒ for 24 h.
Measurements were made of the diffraction efficiency of the recorded phase holograms at the Bragg angle. The diffraction efficiency was calculated as the ratio of the diffracted-beam intensity to the incident collimated probe-beam intensity of the He-Ne laser. To take into account Fresnel losses and absorption due to the glass substrate, this expression was corrected by multiplying by an appropriated factor. The losses were calculated by use of Fresnel equations to take into account the reflections that take place in the different interfaces of the hologram.
The efficiency of the zero order or transmission was similarly calculated as the ratio of the directly transmitted beam intensity to the incident power and was corrected by the appropriated factor to take Fresnel losses.
D-LogE Curves
To obtain the DlogE curves of Agfa 8E75 HD and Slavich PFG-01 emulsions, for D-19 developer, the amplitude holograms recorded on both emulsions were illuminated with a collimated beam from a He-Ne laser entering normal to the surface of the plate. Measurements of the transmitted and incident light were then carried out.
The density D was obtained in terms of transmittance T as
where transmittance T was calculated as the ratio of light transmitted through the material and light incident on the material. The experimental data of the optical density versus the exposure were fitted with an approximation of the DlogE function obtained by Kasprzak et al 20 :
where
c ϭ ln 
is the slope of the characteristic curve in the linear region. E i is the exposure of the inertial point, and D ϱ is the maximum of the measured optical density. E i gives information about the energetic sensitivity of the particular emulsion. The lower the value of E i the higher the energetic sensitivity of the emulsion. Figure 1 shows the DlogE curves for Slavich PFG-01 and Agfa 8E75 HD plates and the theoretical curves obtained by use of the Kasprzak equation. There's good agreement between theory and experiment for both Agfa and Slavich plates below the solarization region, this region is not well described in the case of the Slavich PFG-01 plates. Table 2 shows the values of , D ϱ , and E i for both Agfa and Slavich plates. The energetic sensitivity presented by Agfa 8E75 HD plates is higher than that of Slavich PFG-01 plates, and also the maximum density obtained with Agfa plates is higher. The reason for these differences is the concentration of silver halide grains suspended in the gelatin of both emulsions. The concentration of silver halide grains inside the emulsion can be calculated according to the following expression 3, 21 :
where is the density of the silver bromide ͑6.47 g͞cm Table 3 for both emulsions. It can be seen that whereas the value of ␦ is similar for both emulsions, ␦ ϳ 40 nm, the concentration of silver halide grains is higher in the case of the Agfa 8E75 HD emulsion.
Owing to the lower concentration of silver halide grains in PFG-01 plates, the energetic sensitivity and the maximum optical density are lower than in the case of Agfa 8E75 HD plates.
Theoretical Model and Experimental Results
To obtain an hologram in a photographic emulsion, the plate is exposed, developed, and bleached.
A. Exposure and Development
After the exposure and development the variations of intensity created by the interference pattern are converted in optical-density differences inside the hologram. The optical density of an exposed zone can be related to the partial atomic concentration of silver inside the emulsion, N s 17 :
d r is the thickness of the emulsion after the development step, Ј is the angle that light forms with the normal to the plate inside the emulsion and a is an absorption constant. 17 We define the following parameters: N 0 the initial concentration of silver halide molecules inside the photographic emulsion. N d 1 concentration of silver halide molecules remaining inside the emulsion after the exposure and development step, and N d 2 concentration of developed silver halide molecules, namely the silver halide molecules that have been converted into silver atoms ͑Fig. 2͒.
The concentration of silver atoms after development, N s , can be related to the concentration of silver halide molecules that have been developed through q d , the number of silver halide molecules that yield to one silver atom: The swelling factor after the development step is defined as the ratio of the emulsion thickness after the development step, d r , and the thickness before the development step, d 0 :
B. Bleaching
Step
The aim of the bleaching bath is to convert the metallic silver back into silver halide. This action takes place through an oxidation reaction. For instance, in the case of dichromate bleaches, the following oxidation reaction occurs:
The silver ions Ag ϩ combine with the negative ions of the halide atom provided by the rehalogenant agent. For example, when the rehalogenant agent is potassium bromide:
If q b quantifies the number of silver atoms yielding to a silver halide molecule formed through the oxidation reaction, the concentration of rehalogenated silver halide molecules that are formed after the bleaching bath, N b is
The mechanism by which the metallic silver is rehalogenated to silver bromide is more complex than it might seem at first sight. Hariharan suggested that the Ag ϩ ions of reaction ͑12͒ go into solution, some of them are redeposited in situ in the exposed zones, whereas others diffuse away to the unexposed zones contributing to an increase in the grain size of the silver bromide grains in these zones. The refractiveindex modulation is a consequence of the differences in the grain size of the silver halide grains in the exposed and non-exposed zones. This is the basis of the fixation-free bleaching techniques. They are called fixation-free because the fixing step included in the conventional bleaching techniques is eliminated from the procedure. The action of the fixing bath is to remove the unexposed silver halide grains from the emulsion, but as we have explained in the fixationfree rehalogenating technique this is not necessary.
The diffusion mechanism can be explained from the differences in concentration of the silver atoms between the exposed and non-exposed zones. Let us consider two zones of emulsion presenting a variation of the optical density. Zone 1 presents a higher optical density than zone 2. This implies a higher concentration of silver atoms in zone 1 and a consequent higher concentration of silver ions, N si coming from the oxidation reaction in zone 1:
These differences in concentration create a diffusion process of silver ions from zone 1 to zone 2, in a similar way as the Fick molecular diffusion mechanism. Nevertheless, to simplify the mathematical treatment, it will be assumed that the number of silver ions going from zone 1 to zone 2, N sid is proportional to the difference in concentration N si1 Ϫ N si2 and to the time in which the plates are maintained in the bleaching bath:
Here the parameter ␥ gives an idea of the rate of the diffusion mechanism. It is influenced by factors, such as the B͞A, as will be demonstrated in Subsection 4. E, the degree of hardening of the gelatin, the proper chemical compounds of the gelatin, etc. Another factor influencing parameter ␥ is the spatial frequency, which as commented on by Hariharan 23 influences the rate of the diffusion process, an influence which is related with the mean life of the silver ion.
Because the number of silver ions is proportional through q b to the number of rehalogenated silver halide molecules, the concentration of rehalogen- ated silver halide molecules in zone 1 will be N b1 Ϫ ␥t ͑N b1 Ϫ N b2 ͒, whereas in zone 2, N b2 ϩ ␥ t͑N b1 Ϫ N b2 ͒, where
The total concentration of silver halide molecules in zones 1 and 2, N h1 and N h2 , respectively, will be:
The swelling factor after the bleaching bath is defined as
d b is the thickness after the bleaching bath The swelling factor between the development step and the bleaching step can be related through m:
C. Phase Difference as a Function of the Variation in Optical Density
As explained, owing to the bleaching process without a fixation step, differences in the emulsion appear in the concentration of the silver halide molecules between the exposed and non-exposed zones. Because of these differences in concentration, the refractive index in the exposed zones is different than the refractive index in the non-exposed zones. The phase difference between two beams of light going through two different zones of the emulsion with different concentrations of silver halide molecules ͑Fig. 3͒ can be obtained according to the following equation 17 :
n 1 and n 2 are the refractive indexes of zones 1 and 2, respectively, n a is the refractive index of air, Ј is the angle that the incident light forms with the normal of the emulsion, d b1 and d b2 are the emulsion thickness of zones 1 and 2, respectively, ⌬d b is the thickness variation between the two zones, and is the wavelength of light in air. In this analysis the fine grained photographic emulsion is considered as an homogenous mixture with Rayleigh scatter centers. In this case, the Lorentz-Lorenz equation can be applied to obtain the refractive index of a mixture of substances. We used the linear approximation of the LorentzLorenz equation given by van Renesse et al. 17 :
␣ i is the electrical polarizability of molecules of type i in the mixture and N i the concentration of molecules of type i in the mixture. The values of c and n 0 are: c ϭ 8.7 y n 0 ϭ 0.89. By use of Eqs. ͑8͒-͑10͒ and Eqs. ͑17͒-͑22͒ the phase difference between the two waves passing through the two zones of the emulsions can be expressed in the following form: where
The second term of Eq. ͑23͒ expresses the phase modulation due to the thickness modulation. This term must be considered when recording low spatial frequency holograms, but not in the case of high spatial frequencies. If the thickness modulation is not considered, the following relations are also valid:
In these conditions the phase difference becomes
This relation indicates that the phase difference is proportional to the optical density variations inside the emulsion.
From each Ag Br molecule, one silver atom is obtained after the exposure and development, therefore q r ϭ 1. According to reaction ͑12͒, if a silver bromide molecule is formed from each silver atom, then q b ϭ 1. In this condition:
The minus sign indicates that the index modulation created through the diffusion mechanism is established from zones of higher optical density to zones of lower optical densities.
D. Diffraction Efficiency as a Function of the Optical Density
For sinusoidal gratings the diffraction efficiency is related to the phase difference through the following equation:
where ⌬⌽ is the maximum phase difference between two zones of the emulsion. By use of Eq. ͑28͒ a relation between the diffraction efficiency and the maximum optical density store in the hologram, ⌬D, can be made:
In this work we have recorded unslanted transmission holographic gratings with an intensity ratio K ϭ 1, K ϭ I o ͞I r , where I r is the intensity of the reference wave and I o is the intensity of the object wave. The theoretical visibility is
The optical density variation between a zone exposed to the maximum intensity of the light and a nonexposed zone is, therefore:
where D max is the maximum store optical density, whereas the minimum optical density store D min is 0. Nevertheless, D min is non zero because of several factors: scattering in the recording, limited modulation transfer function of the material, adjacent effects, etc.
The maximum optical densities created inside the emulsion should then be expressed as:
D 0 is the minimum store optical density in the nonexposed zones and D is the optical density to which the holograms are exposed. The diffraction efficiency can be expressed as follows:
E. Fit of the Theoretical Function of the Diffraction Efficiency as a Function of the Optical Density
To test the proposed model the function of the diffraction efficiency versus the optical density was fitted for holographic gratings recorded on Agfa 8E75 HD plates.
The diffraction efficiency was measured as a function of the exposure. By use of the fitting to the Kaszprak curve of the experimental DlogE curves, the response of the diffraction efficiency as a function of the optical density can be obtained.
In expression ͑34͒ the absorption and scattering ͑A&S͒ of the holograms has not been taken into account. The diffraction efficiency must be corrected to take into account the A&S losses. Figure 4 shows the values of the A&S losses as a function of the exposure for holographic gratings recorded on Agfa 8E75 HD emulsion and developed with D-19 developer. The A&S was calculated as 1 Ϫ Ϫ . It can be seen that A&S coefficient depends linearly with the optical density in the range of exposures studied. This fact allows a linear fitting to the experimental data. The continuous lines correspond to the theoretical fitting, supposing that the A&S depends on the optical density according to
The values of m and n are shown in Table 4 . If the dependence of the A&S coefficient with the optical density is known, the diffraction efficiency as a function of the optical density has the form:
and f is an empirical factor. Figure 5 shows the diffraction efficiency as a function of the optical density for the holographic diffraction gratings recorded on Agfa 8E75 HD emulsion and developed with D-19 developer, whereas Table 5 illustrates the values of h, D 0 and f for the different B͞A ratios.
Good agreement between theory and experiment can be found. The value of D 0 is maintained almost constant, D 0 ϳ 1, indicating that this value does not depend on the B͞A ratio. 
F. Refractive Index Modulation as a Function of the Optical Density
By use of Eqs. ͑8͒, ͑9͒, ͑17͒, ͑18͒, and ͑22͒ an expression of the refractive index modulation as a function of the optical density can also be obtained: For unslanted transmission holographic gratings with a beam ratio 1:1, ⌬n has the form:
c, ␣ h , and a are constants for all the holographic gratings recorded on a same emulsion. Whereas d r depends on the initial thickness of the emulsion and of the swelling factor during the development step, which mainly depends on the developer used and on the bleach-bath temperature. For holographic gratings recorded on the same emulsion and developed in the same conditions, the swelling factor must be considered the same. In those conditions the growth of the index modulation with the optical density is related with the rehalogenating bleaching time, t, and the parameter ␥. The ␥ parameter indicates the rate of the diffusion process of the silver ion from the exposed to the non-exposed zones.
To obtain the values of the refractive index modulation, ⌬n, we tested the holograms by rotating them, and the variation in transmission with the angle of incidence in air was measured. The rotation axes stayed in the plane of the hologram and perpendicular to the plane of incidence. The values of transmission were corrected to take into account Fresnel's reflections and the absorption of the glass substrate. By using Kogelnik coupled wave theory 24 the theoretical function of the transmittance was fitted to the experimental data, so we obtained information about the refractive index modulation, the thickness, and the absorption coefficient. Figure 6 shows the transmission efficiency as a function of the reconstruction angle for a bleached transmission grating recorded on PFG-01 emulsion developed with D-19 and bleached with a B͞A ratio of 60. Good agreement between the theoretical function and the experimental data can be seen. Figure 7 shows the refractive index modulation as a function of the optical density for transmission holographic gratings developed with D-19 and recorded on Agfa 8E75 HD emulsion and bleached with different B͞A ratios. Figure 8 shows the refractive index values as a function of the optical density for holographic gratings developed with D-19 and store on PFG-01 emulsion. In both figures the continuous lines correspond to the theoretical fitting with Eq. ͑38͒. Tables 6 and 7 illustrate the values obtained by the theoretical fittings of the studied gratings. The values of Table 6 correspond to gratings recorded on Agfa 8E75 HD emulsion, whereas the values of Table  7 It can be seen that in the case of Agfa 8E75 HD plates the slope of the regression line increases as does the B͞A ratio. The reason for this behavior is that as the B͞A ratio increases, so does the bleaching time, but as indicated by Hariharan, the solubility of silver ions is higher for higher B͞A ratios, namely, higher potassium bromide concentrations. Therefore the value of ␥ grows with the B͞A ratio and so does the slope of Eq. ͑38͒, . With respect to the diffraction gratings recorded on Slavich PFG-01 emulsion, the same tendency is observed. Nevertheless, there are deviations from the expected behavior. The degree of hardening of the gelatin also influences the diffusion process, because a high degree of hardening limits the diffusion of the silver ion. Because Slavich PFG-01 gelatin is very soft, the hardening effects of Cr ϩ3 ͓after reaction ͑11͔͒ 11 seem to be, then, more critical than in the case of Agfa 8E75 HD emulsion, which has a harder gelatin. These effects affect the diffusion process and slightly alter the behavior observed with Agfa 8E75 HD plates.
Conclusions
The mechanism of hologram formation in fixationfree rehalogenating bleaches has been explained. It is assumed that there is a diffusion of silver ions from the exposed to the unexposed zones in the bleach bath. Under this assumption it has been demonstrated that in the case of unslanted phase transmission gratings the phase difference between two zones of the emulsion depends linearly on the optical density variations. The experiments carried out with Agfa 8E75 HD plates confirm the theoretical model. An expression of the refractive index modulation as a function of the optical density has also been obtained, and we find that this is also proportional to the optical density variations. From the experiments carried out with Agfa 8E75 HD and Slavich PFG-01 plates it was demonstrated that the slope of the linear line representing the index modulation as a function of the optical density increases with the B͞A ratio. Fig. 9 . Slopes, , of the regression lines of Fig. 4 as a function of the B͞A ratio. Fig. 10 . Slopes, , of the regression lines of Fig. 5 as a function of the B͞A ratio.
